Civil large-span space structures have been widely built for public assembly venues. The failure of this type of structure may endanger the lives of many people. Considering that the member configuration of this type of structure may follow a regular pattern and damage in a local region may destroy the regular pattern, a damage detection approach based on the change in structural shape has been proposed by the present authors. In that approach, to obtain the change in structural shape due to damage, the displacements at joints between members are required to be measured. Since it is difficult to measure displacements on this type of structure in practice, in this study, the authors proposed to use the shape change of the uniform load surface for damage localization. Uniform load surface physically represents the deflection profile of the structure under the assumed uniformly distributed loading and can be calculated from the flexibility matrix constructed from the identified natural frequencies and mode shapes. This approach can locate damage to exact structural members. It will avoid costly and tedious work in measuring displacements. This approach has been numerically validated on single-layer space structures with two different member configurations.
Introduction
Civil long-span space structures are usually built for venues where hundreds or thousands of people assemble, such as sports stadiums, arenas, and auditoriums. Failure of this type of structure may endanger the safety of many people and result in a huge property loss. Indeed, this type of structure has a high redundancy, with several members connected at a common joint. The fact that a couple of members are damaged may not collapse the overall structure. However, if undetected or untreated, the extension of the damage to other parts of the structure may lead to a failure of the overall structure. From another perspective, the high redundancy and the statically indeterminate characteristics of this type of structure increase the difficulty in locating damage to exact members. Therefore, it is crucial to develop a practical and effective damage detection approach to capture the damage occurring in this type of structure at an early stage, to ensure the integrity of this type of structure and the safety of the general public.
Considering that the member configuration of this type of structure may follow a regular pattern and damage in a local region may destroy the regular pattern, a damage detection approach based on the change in structural shape has been proposed by the present authors (Yan et al., 2016) . In that approach, to obtain the change in structural shape due to damage, the displacements at joints between members are required to be measured. In practice, measurement points in civil space structures are normally located at a high elevation. If traditional displacement transducers are used to measure displacements, it may be difficult to set up a reference point, if it is not undoable (Nassif et al., 2005) ; if the three-dimensional (3D) scanning laser Doppler vibrometer (LDV; Siringoringo and Fujino, 2006) is applied, to achieve a measurement accuracy, it may require that the measurement instrument be set up close enough to the measurement points on the structure, which may not be achievable for long-span space structures. In addition, in general, displacement measurement is time-consuming and may require the closure of the building, affecting the normal operation of the building (Sung et al., 2013) .
Since it is difficult to measure displacements on civil long-span space structures in a cost-effective manner in practice, in this study, the authors propose to use the shape change of the uniform load surface (ULS) for damage location. ULS physically represents the deflection profile of the structure under the assumed uniformly distributed loading and can be calculated from the flexibility matrix constructed from the natural frequencies and mode shapes, which are identified from the acceleration responses measured in dynamic testing.
To demonstrate the uniqueness of the proposed approach, damage detection approaches based on modal flexibility matrices and ULS are reviewed here. The change in modal flexibility matrix before and after damage was first applied by Biswas (1994, 1995) to locate damage in cantilevered and simply supported beams. Theoretically, the modal flexibility matrix was constructed from natural frequencies and mass-normalized mode shapes. To obtain the massnormalized mode shapes, it requires that both the load and acceleration responses should be measured at least at one joint, which cannot be achieved under ambient vibration. To address this problem, Gao and Spencer (2002) constructed the flexibility matrix using a modal expansion technique, and Bernal and Gunes (2002) and Duan et al. (2005) constructed a proportional flexibility matrix, respectively, from the acceleration responses measured under ambient vibration. Zhang and Aktan (1998) proposed to use a derivative of flexibility matrix, the ULS, to locate damage. Compared to the approaches based on flexibility and flexibility-based curvature (Catbas et al., 2008) , ULS is more robust to measurement noises, because the process of obtaining ULS (summing the elements on each row of the modal flexibility matrix) averages out the random measurement and identification errors. The curvature of ULS was used to locate damage in plate structures (Wu and Law, 2004) . The normalized curvature of ULS was used to detect damage in beam-like structures (Sung et al., 2013) . Also, the generalized fractal dimension (GFD) of ULS was employed to detect damage in beam-type structures Douka, 2007, Hadjileontiadis et al., 2005; Wang and Qiao, 2007) . GFD physically represents local irregularity of ULS caused by damage. However, all of the above approaches were to detect the damage occurred in beam-like (Sung et al., 2013; Wang and Qiao, 2007) or plate-like Law, 2004, 2005) structures and cannot localize damage at the member level for 3D civil space structures.
The remainder of this article is organized as follows. First, the definition of ULS for one-dimensional (1D) structures and how to obtain ULS are reviewed; then, the ULS for space structures that are 3D will be defined; next, a new damage detection approach based on the shape change of ULS will be proposed to locate damage to exact structural members; finally, numerical simulations will be conducted on two single-layer space structures with different member configurations, a Kiewitt 8 dome structure and a Schwedler dome structure, to demonstrate the efficacy of the proposed damage detection approach.
Review on the construction of ULS for 1D structures
In this section, the definition of ULS for 1D structures and how to obtain ULS are reviewed (Zhang and Aktan, 1998) by taking a beam as an example. Physically, each element in the ULS vector represents the displacement of a degree of freedom (DOF) when a unit load is applied to each node in the lateral direction at the same time. The ULS vector can be obtained from the acceleration measurements by following the steps below:
Step 1. Acquire the acceleration responses at associated nodes on the structure (assuming that the number of measurement points is n) and then identify natural frequencies and mode shapes of the structure by conducting modal analysis on the collected acceleration responses. Different approaches have been developed to identify natural frequencies and mode shapes from the measured accelerations (Brincker et al., 2001; James et al., 1995; Juang and Pappa, 1995; Peeters et al., 2004; Peeters and De Roeck, 2001) . One of the approaches that are suitable for this application is the frequency domain decomposition (FDD) method (Brincker et al., 2001) , as it does not require the information on the applied external force to generate vibration. When applying this approach, first the measured acceleration responses will be used to construct the spectral density function matrix (including auto-spectrum at an individual measurement point and crossspectrum between two different measurement points); then, the spectral density function matrix will be decomposed to separate the frequency spectra into a set of single-DOF systems, each associated with an individual mode. Next, by simply picking peaks, the frequencies associated with the peaks will be identified as natural frequencies of the structure. From the magnitudes of the spectral density function associated with the identified natural frequencies, the mode shape can be obtained. Refer to Brincker et al. (2001) for more details on this approach.
Step 2. Construct the modal flexibility from the first m identified natural frequencies and mode shapes (Pandey and Biswas, 1994) and form the flexibility matrix as 
Each element in the flexibility matrix is called the flexibility coefficient, which can be expressed as
where v k is the kth circular modal frequency; m is the number of modes used here; and f k (i) and f k (j) are the ith and jth components in the kth mode shape, respectively. It is worth noting that the mode shape here should be mass-normalized before being used to construct the flexibility matrix.
The physical meaning of the flexibility coefficient f i , j is the static deformation at DOF i, when a unit load is applied at DOF j.
Step 3. Sum the elements on each row of the flexibility matrix to obtain the ULS vector, f f g, which can be expressed as
Therefore, the physical meaning of the ULS vector is the deflection at each node when a unit load is applied to each node at the same time, which is why this deflection is called ULS. Each element in the ULS vector is expressed as
New definition of ULS for 3D space structures
In this section, the ULS for space structures that are 3D is defined. For a 3D structure, there are three translational DOFs (in the X, Y, and Z directions) at each joint. Accordingly, there are three mode shape components associated with each joint. The new ULS for 3D structures is defined as where each element in the matrix in equation (5) is a vector with the dimension of n 3 1 and it is constructed from
For example, ULS XZ is constructed from f X and f Z . The ith element in ULS XZ can be expressed as
where i and j denote the numbers of the row and the column in the flexibility matrix constructed using f X and f Z , respectively (equation (2)). In f k X (i) and f k Z (j), k denotes the order of mode, and i denotes the number of the node, X or Z denotes the direction of DOFs. So f k X (i) represents the mode shape component associated with Node i in the X direction in the kth mode. f k Z (j) represents the mode shape component associated with Node j in the Z direction in the kth mode. Physically, ULS XZ represents the displacement in the X direction when a unit load is applied at each node in the Z direction.
To construct the ULS matrix here, the mode shape components should be sorted out based on the direction of the translational DOFs.
If the structure has n nodes, the matrix constructed by equation (5) will be 3n 3 3. Each column represents the displacement at all joints when a unit load is applied at each joint in one direction (e.g. for the third column, the unit load is applied at each joint in the Z direction). Physically, it represents the deflection surface of the structure under assumed uniformly distributed loading in one direction. By summing all elements on each row, a new ULS will be obtained. The physical meaning of the new ULS is the deflection at each joint when a unit load is applied at each joint in all three directions. This new definition of ULS is also applicable to other 3D structures.
Damage location based on shape change of ULS Instead of investigating the shape change of the geometric shape calculated from the real displacements as in Yan et al. (2016) , the present authors propose to locate damage using the shape change in the ULS, which will be reflected from the change in interior angles of the shapes formed by structural members on the ULS. Take a Kiewitt 8 dome structure shown in Figure 1 as an example. On the structural surface, structural members form a number of triangles. Damage can be reflected from the change in interior angles of the associated triangles on the ULS. To obtain the interior angles in each triangle, the coordinates at the three associated joints should be obtained first and then the related interior angles can be calculated using trigonometry.
It is worth noting that the displacements used here are actually the ULS, instead of the real displacement induced by external loads. For example, the coordinates at the lth joint in the intact state (
where (X l , Y l , Z l ) are the original coordinates of the lth joint obtained from the dimensions in the design drawings of the structure; ULS i lX , ULS i lY , and ULS i lZ are obtained by conducting the modal testing on the intact structure, as described in the previous section. Physically, they denote the displacements in the X, Y, and Z directions associated with the lth joint when a unit load is applied at each joint in one direction or in three directions (X, Y, and Z).
Likewise, the coordinates of the lth joint in the current state (X For either the intact state or the current state, interior angles (a, b, and g) in each triangle (see Figure 2) can be calculated using trigonometry. Taking the current state as an example, the three interior angles in a triangle can be calculated as follows
where AB k k denotes the distance between Joints A and B and can be calculated from nodal coordinates of Joints A and B in the current state (X Through forward analyses, the present authors found that, if one member in a triangle is damaged, one angle or two interior angles in the triangles on the two sides of the damaged member will experience significant change. These triangles are called ''Damaged Triangles'' in the sequel. Therefore, when applying this approach, if two adjacent triangles are identified as ''Damaged Triangles,'' the intersection (common side) between these two adjacent ''Damaged Triangles'' will be identified as the damaged member. To locate the ''Damaged Triangles,'' a new damage indicator based on the maximum angle change in angles a, b, and g between the intact and current states is defined. For a specific triangle (say, Triangle k), the damage indicator (DI) is expressed as
If one member in a triangle is damaged, the DI of the triangles on the two sides of that member will be much greater than others, exhibiting as a spike among the DIs of all triangles. By looking for the triangles with larger DIs, damage can be localized to triangles. Then, the damaged member can be further located by looking for two adjacent damaged triangles. The assumption of the proposed approach is that the damage will change the angle(s) in the related triangle(s).
The shapes where the angles are calculated are not necessarily triangular, although the way to calculate the angles may be different from equation (9). Other types of shapes will also work, depending on the member configuration of the structure.
In essence, the proposed damage detection approach is to measure the change in deformed geometric shape or member configuration caused by damage, using the acceleration measurements instead of the displacement measurements. Because the deformation is expressed in terms of ULS, which is constructed by the natural frequencies and mode shapes identified from the measured acceleration responses, the results here will not be affected by the type and magnitude of the real external loads.
Numerical simulation results and discussion
To validate the proposed approach, two single-layer reticulated dome structures with representative member configurations, a Kiewitt 8 dome and a Schwedler dome (see Figures 1 and 12 ) are studied. Both dome structures span 40 m and rise 5 m. The Kiewitt 8 dome structure contains 121 joints and 320 members, and the Schwedler dome structure contains 145 joints and 408 members. Assume that all members are made of A36 steel with the elastic modulus of 2.06 3 10 11 N/m 2 and the Poisson ratio of 0.3. For both structures, all members have tubular sections; the outer diameter and the thickness of all radial members are 133 and 4 mm, and those of all the latitudinal and diagonal members are 127 and 3 mm, respectively. Different cross sections are applied to different types of members to demonstrate that this approach does not require that the stiffness of the members be uniform throughout the structure. A finite element model is developed for each structure using the commercial software package ANSYS, as shown in Figure 3 . The members are load-bearing components and are modeled using beam elements. The shells connected to members are not load-bearing components and are modeled using concentrated masses. The unit weight of the shells is 200 kg/m 2 . All joints in the outer ring are assumed to be fixed as the boundary condition for both structures.
Damage detection results for Kiewitt 8 dome structure
For the Kiewitt 8 dome structure, the following four damage scenarios are simulated: Damage Case 1-three latitudinal members are damaged, as indicated by the red lines in Figure 4 ; Damage Case 2-three radial members are damaged, as indicated in Figure 7 ; Damage Case 3-three diagonal members are damaged, as indicated in Figure 10 ; and Damage Case 4-one member in each of the radial, latitudinal, and diagonal directions is damaged, as indicated in Figure 5 . For all the damage cases, damage of each member is simulated by reducing the stiffness of the member by 50%. To be specific, the elastic modulus of the steel is reduced by 50%. The modal parameters associated with the natural frequencies in the range of 2.5-30 Hz are used to construct the ULS.
As shown in Figure 4 , on the structural surface, structural members form a number of triangles. These triangles are divided into two adjacent groups. Type 1 triangles are labeled with the numbers in circles and Type 2 triangles are labeled with the numbers in rectangles. Figure 6 presents the changes in angles a, b, and g for Damage Case 1. The horizontal axis represents the triangle numbers. The angle changes presented here have been normalized by the maximum angle change among all triangles. Da 1 , Db 1 , and Dg 1 represent the angle changes in Type 1 triangles and Da 2 , Db 2 , and Dg 2 represent the angle changes in Type 2 triangles. By comparing the values of Da 1 , Db 1 , and Dg 1 in each triangle, the maximum value is taken as the DI for that triangle. By comparing the DIs for all triangles, damage can be located in Triangles 27, 36, and 42 among Type 1 triangles (see Figure 4(a) ). Likewise, from the subfigures for Da 2 , Db 2 , and Dg 2 , damage can be located in Triangles 27, 36 and 42 among Type 2 triangles. The common side between Damaged Triangle 27 in Figure  4 (a) and Damaged Triangle 27 in Figure 4 (b) locates damage to the exact latitudinal member. Similarly, the same method can be applied to locate the other two damaged latitudinal members.
In addition, preliminary research of the present authors has shown that in a triangle the change in the interior angle facing the damaged member is more significant than the change in the other two interior angles. For example, by taking the triangle in Figure 2 as an example, the change in Angle a is more sensitive in detecting damage in Member AL; the change in Angle b is more sensitive in detecting damage in Member AB; and the change in Angle g is more sensitive in detecting damage in Member BL. In this case, in the damaged triangles, the values of Dg 1 are much greater than those of Da 2 and Db 2 , and the values of Dg 2 are much greater than those of Da 1 and Db 1 , which are consistent with previous research findings. Figure 8 presents the changes in Angles a, b, and g of all triangles when three radial members are damaged. By combining the peak angle changes in the first three subfigures, Triangles 27 and 28 are identified as ''Damaged Triangles.'' The common side between Triangles 27 and 28 is identified as the damaged radial member, which is consistent with the specified damage in the simulation, as indicated in Figure 7 . Similarly, Triangles 36 and 37 are identified as ''Damaged Triangles'' and the common side between these two triangles identifies another damaged radial member. The third damaged radial member can be identified from ''Damaged Triangles'' 42 and 43. The results here also show that the change in the interior angle facing the damaged member in the associated triangle is more sensitive for indicating the damaged member. By comparing the values of angle changes in the last three subfigures and those in the first three subfigures in Figure 8 , the angle changes in Type 2 triangles are much smaller. Actually, Type 2 triangles do not include any damaged members. Figure 9 presents the changes in three interior angles of all triangles when three diagonal members are damaged. From the angle changes in Type 1 triangles (see the first three subfigures), damage can be located in Triangles 27, 36, and 42; from the angle changes in Type 2 triangles (see the last three subfigures), damage can be located in Triangles 10, 16, and 20. The common side of the two adjacent ''Damaged Triangles'' (Triangle 27 among Type 1 triangles and Triangle 10 among Type 2 triangles) is identified as a damaged diagonal member. Similarly, the common side of Triangles 36 and 16 and the common side of Triangles of 42 and 20 are identified as the other two damaged diagonal members, which are consistent with the damage specified in the simulation, as indicated in Figure 10 . Figure 11 presents the changes in three interior angles of all triangles when one member in each of the radial, latitudinal, and diagonal directions is damaged. From the angle changes in Type 1 triangles, damage can be located in Triangles 27, 36, 42, and 43; from the angle changes in Type 2 triangles, damage can be located in Triangles 16 and 27. By looking at all the damaged triangles (see Figure 12) , the intersections between every two damaged triangles indicate the three damaged members. It is worth noting that the magnitudes of angle changes associated with the damaged radial and latitudinal members are much greater than the angle changes associated with the damaged diagonal member. This is because the diagonal members have smaller stiffness and its damage does not affect the dynamic properties of the structure as much as the radial and latitudinal members.
In this study, besides the above four damage cases, other cases where the damaged members are located in other circles (different distances from the dome apex) have also been simulated. This approach has successfully identified the damaged members. Caution should be paid to the cases that damage occurs on the latitudinal members at the very outer margin (at the very outer circle). For these cases, damage can only be located into the related ''Damaged Triangles,'' instead of exact members. This is because for these latitudinal members there is not another circle of triangles to make a longitudinal member between two adjacent triangles. This approach also works very well when the number of the damaged members is greater than three. For the cases with many members damaged, as long as the proposed DI (equation (10)) of the damaged member stands out among the undamaged members nearby, this approach will still work.
Other damage cases with lower damage extent, such as decreasing the elastic modulus of the member by 30%, 20%, 10%, and 5%, have also been simulated. This approach successfully located damage to exact members for the cases of 30%, 20%, and 10% reduction, although the peak values in the proposed DI with a higher damage extent are more distinguishable than those in the cases with a lower damage extent. For the case with 5% reduction, when damage occurs on longitudinal members or radial members, this approach works very well. However, when damage occurs to diagonal members, this approach fails to locate damage. This is because as a diagonal member it provides a much smaller stiffness, and a 5% reduction is too small to affect the dynamic characteristics of this structure. Accordingly, it is too small to affect the proposed DI.
Damage detection results on Schwedler dome structure
For the Schwedler dome structure, the following three damage scenarios are simulated: Damage Case 1-two latitudinal members are damaged, as indicated by the red lines in Figure 13 ; Damage Case 2-two radial members are damaged, as indicated in Figure 14 ; and Damage Case 3-two diagonal members are damaged, as indicated in Figure 15 . For all the damage cases, damage of each member is simulated by reducing the elastic modulus of the steel by 50%. The modal parameters associated with the natural frequencies in the range of 2.5-25 Hz are used to construct the ULS.
To facilitate locating damage to exact members, all triangles on the structural surface are divided into two groups, as shown in Figure 16 . Figure 16 damaged latitudinal member, and the intersection of Triangles 91 and 115 indicates the other damaged latitudinal member. This is consistent with the simulated damage specified in Figure 13 . It is worth noting that the magnitudes of the changes in Da 1 and Dg 1 in Triangle 80 are comparable, so are for Triangle 91. Therefore, the previous finding that the change in the interior angle facing the damaged member is more significant than the changes in the other two interior angles does not apply to this dome structure. It further verifies the advantage of the proposed damage detection approach.
Similarly, the proposed approach can successfully localize damage to exact member by first identifying ''Damaged Triangles'' and then finding the common sides of every two ''Damaged Triangles'' for the other two simulated damage cases, as shown in Figures 17  and 18 .
For all the simulated damage cases for the Schwedler-type structure, the angle facing the damaged member may not always experience the greatest change. However, it must experience a higher angle change, that is, it is among the two higher angle changes. This is why the proposed approach first locates damage to the related triangles (called ''Damaged Triangles'') and further locates damage to exact members by looking for two adjacent ''Damaged Triangles. 
Conclusion
In this study, the ULS for civil large-span space structures that are 3D is defined, and the shape change of the ULS is proposed to locate damage in civil space structures. ULS physically represents the deflection surface of the structure under the assumed uniformly distributed loading and is calculated from the constructed flexibility matrix based on dynamic testing. This approach can locate damage to exact structural members by first identifying ''Damaged Triangles'' and then finding the common sides of every two ''Damaged Triangles.'' This approach only requires the measurement of acceleration responses, instead of displacement measurement, which will avoid costly and tedious work in measuring displacements in practical applications. In addition, this approach is not sensitive to measurement noises, because the process to obtain the ULS (summation of flexibility coefficients) averages out the random measurement noises. The results of numerical simulations demonstrate that this approach can successfully locate damage to exact members of civil large-span space structures with different member configurations. In the future, experimental testing will be conducted on a reticulated shell structure in the laboratory to further validate the effectiveness of the proposed approach.
When applying this approach, caution should be paid to the cases where damage occurs to latitudinal members at the outer margin, because this approach cannot locate damage to exact member(s), although it can locate damage to the related triangles. In addition, in practical applications, this approach may need many accelerometers, because the current approach requires an accelerometer deployed at each joint. To address this challenge, this research idea will be extended to locate damaged members when only a small number of sensors are available.
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